It is well established that mechanical loading is important to homeostasis of cartilage tissue, and growing evidence suggests that it influences cartilage differentiation as well. Whereas the effect of mechanical forces on chondrocytc biosynthesis and gene expression has been vigorously investigated. the effect of the mechanical environment on chondrocyte differentiation has received little attention. Thc long-term objective of this research is to investigate the regulatory role of niechanical loading in cell differentiation. The goal of this study was to determine if mechanical compression could modulate chondrocyte differenliation in vitro. Stage 23/24 chick limb-bud cells, embedded in agarosc gel, were subjected to either static (constant 4.5-kPa stress) or cyclic (9.0-kPa peak stress at 0.33 Hz) loading in unconfined compression during the initial phase of commitment to a phenotypic lineage. Compared with nonloaded controls, cyclic compressive loading roughly doubled the number ot" cartilage nodules and thc amount of sulfate incorporation on day 8, whereas static compression had little effect on these two measures. Neither compression protocol significantly affected overall cell viability or the proliferation of cells within nodules. Since limb-bud mesenchymal cells were seeded directly into agarose, an assessment of cartilage nodules in the agarose reflects the proportion of the original cells that had given rise to chondrocytes. Thus, the results indicate that about twice as many mesenchymal cells were induced to enter tlic chondrogenic pathway by cyclic mechanical compression. The coincidence of the increase in sulfate incorporation and nodule dcnsity indicates that the primary effect of mechanical compression on mesenchymal cells was on ccllular differentiation and not on their subsequent metabolism. Further studies are needed to identify the primary chondrogenic signal associated with cyclic compressive loading and to determine the mechanism by which it influences commitment to or progression through the chondrogenic lineage, or both.
Many in vitvo studies have demonstrated that chondrocyte biosynthetic activity, in suspension cell cultures (619) and cartilage explants (25, 26, 29, 34) , is strongly influenced by mechanical loading. In addition. there is considerable indirect evidence that the mechanical environment plays a role in chondrocyte differentiation during embryonic development and tissue regeneration. For example. a continuously applied, constant compressive force has been shown to stimulate type-I1 collagen and aggrecan expression in collagen gel cultures of embryonic mouse limb-bud cells (3 1 ). Also, intermittent articulation of embryonic chick membrane bones resulted in the formation of secondary cartilage in organ culture whereas the maintenance of a constant pressure or no mechanical stimulation produced none (12). In ovo paralysis of chicks also inhibited the formation of secondary cartilage on membrane bones (22) . Furthermore. secondary cartilage differentiation in midpalatal rat sutures was down-regulated by a static tensile force applied in vivo (30) . Finally, finite element computer models successfully predicted the pattern of cartilage formation in human prenatal and postnatal femoral anlage on the basis of a theory that a history of intermittent hydrostatic compression promotes chondrocyte differentiation (9).
There have also been observations of the influence of mechanical loading on tissue differentiation during wound healing. For instance, clinicians have observed localization of the cartilaginous callus to the concave, compressed side of angulated fractures (28) . In addition, less-stable fixation of rabbit tibia1 fractures resulted in a higher proportion of cartilage within the healing tissue relative to fractures that were rigidly fixed (2). and cartilage differentiation in periosteal grafts used to repair articular cartilage defects in rabbits was enhanced by continuous passive motion 
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The electropneumatic regulator converts this signal into a pressure wave that drives the pneumatic cylinder (coupled to the plunger). The lincar variable differential transformer (LVDT) measurcs displacement of the plunger.
compared with immobilization (23) .
With the notable exception of Takahashi et al. (31) , these studies generally seem to indicate that some form of intermittent mechanical compression enhances cartilage differentiation. On the basis of these findings, we hypothesized that short-term cyclic compressive loading of undifferentiated mesenchymal cells would stimulate chondrocyte differentiation but that static compression would not. Thus, we predicted a response to short-term compressive loading similar to that displayed by mature chondrocytes with respect to matrix biosynthesis. The purpose of this study was to compare the effects of nonloaded, uniaxial cyclic compression and uniaxial static compression on chondrocyte differentiation in agarose gel cultures of chick limb-bud cells.
MATERIALS AND METHODS

Cell Isolation and Culture
Wing and leg-limb buds from Hamburger-Hamilton stage 23/24 (13) White Leghorn chick embryos (incubated 4.5 days) werc removed in Tyrode's solution (4°C) and transferred to Moscona's solution (calcium and magnesium-free Tyrode's solution) (4°C) for 10 minutes to loosen the cctoderm. The buds were enzymatically digested for 45 minutes at 37°C in a solution containing 0.25% trypsin-EDTA (Sigma, St. Louis, MO, U.S.4.) and 0.1% collagenase (CLS-2; Worthington, Freehold, NJ, U.S.A.). An equal volume of bovine calf serum (HyClone Laboratories. Logan, UT, U.S.A.) was then added to deactivatc the enzymes. Cells were gently pipetted and passed through a syringe filter with a pore size of 25 pm. They were pelleted by centrifugation at 200 X g and resuspended in a Dulbecco's modified Eagle mediumiF12 culture medium (1:l) (GIBCO BRL, Gaithersburg, MD. U.S.A.) containing 50 pgiml gentamicin (GIBCO BRL). The cells were countcd on a hcmocytometer. centrifuged. and resuspended at a concentration of 6.0 X lo6 cellsiml in medium supplementcd with 2% fetal calf scrum (HyClone Laboratories). The isolation process did not completely disperse the cells, and the resulting suspension contained aggregates (or clusters) and singlc cells. Individual cells within aggrcgates werc counted whenever they could be discerncd. This process of limited disaggregation was adopted because further cell dispersion by longer digestion and vigorous pipetting scverely reduced chondrocyte differentiation.
The cell suspension (37°C) was mixed with an equal part of 6.0% low-melting-temperature agarose (ScaPlaque; FMC Bioproducts, Rockland, ME, U.S.A.) at 55"C, poured between parallel glass plates separated by 2-mm-thick spacers, and refrigerated for 10 minutes to allow the agarose to gel. The final agarose and cell concentrations were 3.0% and 3.0 X 10b cellsiml, respectively.
Cylindrical disks, 11 mm in diameter X 2 mm thick, were cut from the gel slab. These gel disks were placed in custom stainless-stecl culture dishes and covered with Dulbecco's modified Eagle mcdium/F12 culture medium (1 :1) containing 50 pg/ml gentamicin and 2% fetal calf serum (14). The culture medium was not sup- 
Compression
Each experimental group was cultured in a separate dish containing seven cell-agarose disks. The experiment was repeated once (except for sham loading), with cells from a separate batch of chick embryos. Results from the two experiments were pooled for statistical analyses. A custom-designed elcctropneumatic apparatus ( Fig. 1 ) was used to apply static (n = 14) and cyclic (n = 14) loads in unconfined compression. The cyclic loading waveform was a 0.25-9.0-kPa sinusoid with a frequency of 0.33 Hz and a duration of 2 hours. Static loading was a constant 4.5-kPa sti-ess applied for 2 hours. During static and cyclic compressive loading, the maximum displacement was limited to 0.4 mm (20% axial strain) by a 1.6-mm stainless-steel spacer. Sham-loaded controls (n = 7) were placed in the device, and the plunger was fixed in position such that it barely made contact with the disks. No additional displacements were applied. Nonloaded controls (n = 14)
were never placed in the loading device.
Each experimental disk was subjected to three loading sessions of 2 hours duration, thc first beginning within 24 hours of cell isolation. Subsequent loading sessions were 24 and 48 hours later. Followiiig the third day of loading, a period o l 5 days during which no load was applied was allowed for chondrocyte differentiation.
Histology
On day 8 in culture (5 days since the last loading session), each agarose disk was cut in two; half was used for histological analysis and the other half for determination of the glycosaminoglycan synthesis rate. Specimens to be analyzed by light microscopy werc ethanol. The disks were dehydrated in a graded series of ethanol and embedded in acrylic (JB-4; Polyscienccs, Warrington, PA. LJS.A.). Thick (7 pin) vertical sections were stained with Mayer's hematoxylin and 1% toluidine blue.
Cclls were countcd on a microscope with a X6 objective and X l 0 eycpiece containing a square grid that outlined an area of 2.78 rnm'. For each disk, cells in three fields-center. mid-radius, and edge-werc couuted on three separate, nonserial diamctrical sections. Two different counts were made: (a) the total number of isolated single-cellular and multicellular units; including cartilage nodules (cclls within nonchondrocytic clusters and nodules were not counted individually), and (b) cartilage nodules only. Cartilage nodules were identificd by cells with a relatively large cytoplasmic volume and a rounded or polygonal shape and that were surrounded by an extracellular matrix with metachromatic toluidine blue staining. Both counts were normalized to the total erosssectional area in which they were made. Digital images a~ X100 magnification were captured with a charge-coupled device camera (TM-745: Pulnix America. Sunnyvale. CA, 1LS.A.) and NIH Tniage software. An indcx of nodule sizc was obtaincd by manually outlining nodule boundaries on each microscopic field used for counting nodules and cells. Since the nodules did not seem to be spherical or elliptical, stercomorphomctric analysis was not employed to estimate their actual size. Rather, the circumscribed areas of the nodules on three parallel planes (histologic sections) were taken as indices of three-dimensional nodule si7e.
[3sS]Sulfate Incorporation
To assess thc rate of glycosaininoglycan synthesis, an indicator of chondrocy~e phcnotypic exprcssion, each culture was transferred to a separate well in a 24-well dish and covered with 1 ml of media containing 20 pC.i(74 X 10' Bq)/nil [35S]sulfate. Cells were allowed to incorporate the radiolabel for 4 hours, after which they were washed in medium containing unlabeled sulfate and digested in 1.0 ml papain (Sigma P-3125 [Sigma], 280 pg/ml in 0.05 M sodium acetate, and 57 phi' cysteine-HC1, pH 6.0) for 12 hours at 60°C. To scparate unincorporated 35S, 0.5-nil aliquots of digest were applied to PD-10 columns (Amersham Pharmacia Biotech. Piscateway. NJ, U.S.A.), cquilibrated, and eluted with SO m M sodium acetatc, pH 6.0. The radioactivity in each of 10 0.5-ml fractions was quantified with a liquid scintillation counter (LS-100C: Beckman Instruments. Fullerton. CA. U.S.A.), and the amount of incorporated [-'iS]sulfatc was normalized to specimen wet wcight.
Statistics
The effect of treatment group on the proportion of cartilage nodules in the edge region was tested by one-way analysis of variancc (ANOVA) ( a = 0.0S). With respect to the assessments of chondrogenesis, two separate statistical analyses were performed, one with cartilage nodule density as the dependenl variable and the other with radioactive sulfate incorporation. ANOVA ( a = 0.05) was used to test for thc effect of Lreatnicnt group (nonloaded control. sham-loaded control, cyclically loaded, and statically loaded), expcrinient. and treatment group-cxperinien t interaction. Pairwise comparisons between the treatment groups were made wiLh use of Tultey's honest signiricant difference test.
RESULTS
Statistical analysis revealed no significant effect of experiment or treatment group-experiment interaction. However, there were significant differences between treatmcnt groups. Therefore, all reported p values are those obtained from pairwise comparisons between treatment groups with Tukey's honest significant difference test.
Loading
Cyclically and statically loaded disks remained inlact. On thc basis of thc position of the linear variable differential transformer immediately prior to loading, disks in both loading groups recovered to lheir full 2-mm thickness after each of the first two loading sessions. Therefore: strains were calculated with use of an initial thickness of 2 mrn. During cyclic loading. the peak-to-peak axial disk strain was typically approximately 10% initially, tapering to approximately 5% by the end of the loading session. It rapidly dropped to approximately 6% over the initial 30 minutes of loading, declining less rapidly thereafter (Fig. 2) . This dynamic strain was added to a cumulative (creep) axial gel strain that increased steadily to approximately 10%. Strain histories for static loading were similar to 
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the cumulative strain component of the cyclic loading (Fig. 2) . These patterns of loading were consistent over all three loading sessions.
Histology
On day 8, two cell types were present in all cultures: polygonal cells that had proliferated to form cartilage nodules, and isolated cells and multicellular units that were morphologically indistinguishable from those in d a y 4 cultures (Fig. 3) . In all groups, the total number of single-cellular and multicellular units, including cartilage nodules, decreased by approximately 50% from days 1 to 8. There was very little difference in this total number between experimental groups: normalized to the average control (100%). the totals in thc sham, static, and cyclic loading groups were 103.4 ? 14.0. 102.2 ? 7.3. and 108.1 I 12.9%. respectively. Loading be more heavily weighted by nodules in the small to midsize range. However, the total number of nodules in the two biggest size ranges was about the same in the cyclic loading and control groups.
Sulfate Incorporation
I n pilot studies of this model in our laboratory, separate analyses of gel and medium samples revealed that more than 97% of incorporated ["S]sulfate was retained by the agarose gel, regardless of loading. Therefore, all values reported in the current study are for the gel alone and do not include any macromolecule-associated sulfate that may have escapcd to the medium. The amount of sulfate incorporated by frcshly isolated chick limb-bud cells was below the threshold for detection, indicating that there were few. if any, mature chondrocytes in the ini- did, however, influence the proportion of isolated cellular units that became chondrocytes. Cyclic loading increased cartilage nodule density on day 8 to approximately 180% that of nonloaded controls (p = 0.0001) (Fig. 4) . The effects of sham and static loading on the cartilage nodule density were negligible (p > 0.4 in both cases). In all but the static loading group, more cartilage nodules-approximately 40% of the total-were found in the peripheral region (edge) of the disks than in the inner portions (mid-radius and center). Nodules were somewhat more evenly distributed in the static loading group (Fig. 5 ). However this difference was not statistically significant (p = 0.1 4).
Histograms of the circumscribed cartilage nodule areas are shown in Fig. 6 . The histograms of the static loading and control groups were similar. but the distribution for the cyclic loading group was revealed to tial cell population. Cultures began to incorporate appreciable lcvels of sulfate on day 4, and in control cultures this level had increased by roughly 250% on day 8.
Relative to nonloaded controls, sham and static loading did not markedly change the amount of ["S]sulfate incorporated on day 8 (p > 0.6), but cyclic loading approximately doubled the amount of sulfate incorporation (p = 0.005).
DISCUSSION
The objective of our research is to investigate the cffects of well characterized mechanical loads on cell differentiation in vztro. In light of recent advances in cell-based therapy for repair and regeneration of articular cartilage, we chose to begin by studying the effects of uniaxial compression on chondrocyte differentia tion.
Our first aim was to establish an in v i m model that would allow application of compressive loads to cells, as well as support the chondrocyte phenotype. Agarosc gel suspension culture was initially shown to be a useful system for the study of soluble factors that affect chondrogenesis (33) . However, several investigators have since demonstrated that it can be adapted to apply mechanical compression to mature chondrocytes (6,11,18). The experimental approach of applying controlled loads to cells suspended in agarose gel has many advantages. Agarose culture supports the chondrocyte phenotype, and the gel traps large molecules, allowing the accumulation of three-dimensional extracellular matrices (37) . Also. the random dispersion of cells in a homogeneous material lends itself well to computer finitc element modeling, which may be used to predict strains, stresses. and fluid flow at the microscopic level.
In contrast to previous cell-culture loading studies in the literature, we focused on testing the effects of mechanical loads on a cell population that initially included a large proportion of undifferentiated cells. It is known that chick limb-bud mesenchyme from stage 23/24 embryos possesses the potential for differentiation toward chondrogenic, myogenic, or fibroblastic phenotypes. When plated at high density, cartilage nodules appear by the fourth day in culture (1). By the eighth day, proteoglycan production peaks (21) and 50-60% of the cells display typical chondrocyte characteristics (24) . In pilot studies of this model, we observed a similar tcmporal progression of chondrogenesis in agarose, although the percentage of cells that became chondrocytes was lowcr in our system. Cultures fixed immediately after cell sccding in agarose were populated by a majority of cell aggregates containing two to four cells. as well as a few larger clusters and some single cells. Small nodules of polygonal cells producing an extracellular matrix that stained metachromatically for toluidine blue were present by day 4 in culture in all groups, coinciding with an appreciable level of sulfate incorporation. Nodules continued to grow by cells dividing at the periphery, whereas cells in the interior became more widely separated by cxtracellular matrix. In cultures supplemented with ascorbic acid, the phenotype of presumptive chondrocytes was confirmed by the detection of type-I1 collagen expression on day ll with monoclonal antibody staining (data not shown).
Commitment of chick limb-bud mesenchymal cells to a specific lineage and transition from one stage to the next within that lineage may depend on intrinsic and extrinsic stimuli, including soluble signals (c.g., cytokines and growth factors), mechanical signals, and environmental factors (e.g., pH and oxygen tension). Research into these regulatory factors has been focused on identification of soluble chemical factors that regulate differentiation and morphogenesis (4.8.35). We now provide additional evidence that mechanical signals can also regulate chondrocyte differentiation to some extent. In thc current study, static compressive loading at a constant stress of 4.5 kPa had little impact on chondrocyte differentiation whereas cyclic compressive loading at 0.33 Hz to a peak stress of 9.0 kPa caused a 2-fold increase in the level of chondrogenesis. A low-amplitude cyclic compressive strain superimposed on a small offset compressive strain was desired because of its previously demonstrated ability to stimulate chondrocyte biosynthesis over a wide range of frequencies (6,19). The chosen maximum applied stress of 9.0 kPa produced such a strain history without rupturing the agarose disks. The level of static stress was chosen such that it produced a creep strain curve similar to the iionrecoverable (cumulative) strain component of cyclically loaded disks.
The amount of sulfate incorporation and the density of cartilage nodules correlated well, suggesting that the amount of sulfate incorporated over the relatively short labeling period was essentially an estimate of thc proportion of chondrocytes within the culture rather than an indicator of difkrences in the average level of chondrocyte biosynthetic activity. Cells were loaded during the phase of commitment to a phenotypic lineage, prior to overt differentiation, and loading was discontinued after 3 days to minimize effects on subsequent hiosyiithetic activity. Previous experiments in our laboratory have shown that sulfate incorporation by chick epiphyseal chondrocytes on day 8 of culture was not affccted by the 3-day cyclic loading protocol (10).
Both the histological and biochemical assessments indicate that the level of chondrocyte differentiation in chick limb-bud cell-agarose cultures was nearly doubled by cyclic compressive loading at 0.33 Hz. In particular, although the total number of isolated cellular units was approximately the same for all of the treatment groups. cartilage nodule density was significantly higher in the cyclic loading group. This result indicates that cyclic compression preferentially stimulated chondrocyte differentiation, inducing more of the starting isolated single-cellular or multicellular units to enter the chondrogenic differentiation pathway. However, cyclic loading did not seem to affect the proliferation of cells within cartilage nodules (as indicated by the lack of a rightward shift in the histogram of nodule size). On the other hand, static loading did not significantly influence chondrocyte differentiation. limit nodule size, or decrease cell viability. We did not observe static loading to induce enhancement of chondrogenesis, as did Takahashi et al. (31) using mouse limb-bud mesenchymal cells. The discrepancy could be related to any number of fac-
tors, including differences in species (chick compared with mouse), developmental stage, duration of loading (2 hours per day compared with continuous), and cell-matrix interactions (agarose compared with collagen gel).
The manner in which loads were applied in our study differs from previous investigations of the effect of compressive loading on chondrocytc metabolism in agarose culture. Whereas stress was controlled in the present study, displacement or gross compressive strain was controlled in others (6,19). Nonetheless, our results exhibit similar trends. Cyclic compressive loading at 1.0 Hz has been shown to stimulate sulfate incorporation in chondrocyte-agarose cultures (6,19). In these previous studies, static loading by holding chondrocyte-agarose cylinders at a constant compressed thickness produced varying results. In one study, a 15% strain applied continuously for 48 hours inhibited glycosaminoglycan synthesis by freshly isolated chondrocytes (19) . In a different study, the response to a 10-hour static compression was found to depend on the amount of accumulated extracellular matrix (6). At the earliest times in culture, static loading had little impact on biosynthesis. As the cells amassed more matrix, sensitivity to static loading increased and the cells exhibited a dose-dependent suppression in sulfate incorporation with increasing compression.
Results of the present study support the hypothesis that regulation of chondrocyte differentiation by compressive loading generally parallels its regulation of chondrocyte metabolism. Cyclic compressive loading generally stimulates matrix biosynthesis and chondrocyte differentiation, whereas the effect of static loading ranges from no effect to inhibition of glycosaminoglycan production and differentiation. Thus, the same mechanical signal or signals capable of modulating chondrocyte biosynthesis may also influence commitment to the chondrocyte phenotype or alter the rate of progression through the chondrogenic lineage, or both.
The limitations of this model include uncertainty about the exact composition of the starting cell population, which may have contained chondrocyte precursors as well as true mesenchymal stern cells not committed to any specific cell lineage (20, 27) . Cartilage nodules may have originated from cells in various stages of differentiation. It was also not possible to determine whether a given nodule originated from a single cell or from an isolated aggregate of cells, since the agarose was seeded with individual cells and multicellular aggregates. The initial level of cell-cell interaction was the same for all treatment groups and so does not confound the results. However, determining whether cell-cell contact is a prerequisite for differentiation is important for understanding the mechanotransduction mechanism, and future studies may involve centrifugation methods to segregate the initial cell suspension according to size. There are also limitations related to the applied loads. For example, the amplitude of cyclic loading varied over a fairly wide range-S-l0% peak-to-peak gel strain-and cells could have responded to a relatively low number of high-amplitude compressive cycles instead of to a much higher number of low-amplitude loading cycles. However, in pilot studies of this model conducted in our laboratory. increasing the amplitude of cyclic loading did not enhance chondrogenesis and in some cases was detrimental. Also, chondrocytes in agarose culture have been shown to increase matrix biosynthesis in response to cyclic compressive gel strains of relatively low amplitude (6).
Several mechanisms are proposed to account for the effects of compressive loading on differentiation and biosynthesis of chondrocytes. Compressive loading of agarose gel-cell constructs raises the internal fluid (pore) pressure, causes fluid flow, and deforms the cclls. During unconfined compression of agarose, the transient pressure and flow profiles are radially nonuniform. Hydrostatic pressure is highest in the center of the disk and lowest at the edge, whereas fluid flow vclocity is minimal at the center and maximal around the periphery. The maximum applied stress. an estimate of fluid pressure (17). was 9.0 kPa. This pressure is on the same order as that demonstrated to increase matrix deposition by chondrocytes in suspension culture (36) . Therefore, the hypothesis of Carter et al. (9) that intermittent hydrostatic pressure promotes chondrogenesis must be considered. Fluid flow has also been associated with altered chondrocyte metabolism and should be viewed as a possible mechanism of influence in the current study. Compression-induccd fluid flow may have enhanced delivery of certain large. soluble differentiation factors whose diffusion was hindered in nonloaded cultures, as experiments conducted in our laboratory indicate that the equilibration time for radioactive amino acids in agarose is on the order of several hours (unpublished data). In addition, streaming potentials, such as have been measured in cell-laden agarose cultures (6), may havc been created by the compression-induced flow of ions in the fluid phase past immobilized fixed charges on the agarose and glycosaminoglycan chains. There was a higher concentration of cartilage nodules within the outer ring of disks in all groups. but cyclic loading did not alter the radial distribution of nodules (i.e.. did not preferentially stimulate differentiation in either the central core or outer ring). It is believed that the higher concentration of cartilage nodules near the outer edge of disks resulted from the shorter diffusion distance for cells near the edge but that the effects of load-
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induced fluid flow over the short-term loading perjods were overshadowed by the diffusional characteristics of the nonloaded state for all treatment groups. Furthermore, since loading was applied during the initial 3 days in culture before substantial glycosaniinoglycan had been synthesized, streaming potentials would have been minimal and not likely responsible for the observed stimulation of cell differentiation. Therefore, our results do not supporl either the hydrostatic pressure or fluid flow theory regarding the chondrogenic component of unconfined loading.
It is also possible that chondrocyte differentiation was precipitated by direct cell or nuclear deformation. Chondrocytes suspended in agarose gel undergo shape and volumetric changcs under externally applied strains (llJ8). Cell deformation may have activated mechanically gated ion channels in the cell membrane, initiating an intracellular signaling cascade. Furthermore, cell deformation is associated with alterations to the cell cytoskeleton; several studies indicate that integrity of the actin (microfilaments) and tubulin (microtubules) cytoskeletal elements is the source of differentiation-regulatory signals. For example, cytochalasin B, a drug that destabilizes actin microfilaments, enhanced chondrocyte differentiation ( 3 3 , whereas exposure to colchicine, a drug that disrupts microtubules, suppressed it (32). Also, Buschmann et al. (7) demonstraled that local changes in glycosaminoglycan synthesis correlated with structural changes to the cell and nucleus, and they proposed that alterations in the shape and volume of the cell could modify gene expression by way of mRNAcytoskeletal interactions or direct nuclear deformation. Chondrocyte biosynthesis was recently reported to be stimulated by cyclic shear loading in a flowindependent manner, demonstrating the potential for cells to respond to a purely deviatoric stress (16). Given the increase in chondrocyte differentiation throughout the agarose disks, our results seem to support the theory that dynamic deviatoric stress is the primary chondrogenic component of the cyclic unconfined compression. Thus, ceIl deformation may bc of primary importance. The reason that cells responded to dynamic but not to static compression is unknown and begs further investigation.
In summary, a 0.33-Hz cyclic compressive load applied for only 2 hours per day significantly enhanced chondrocyte differentiation in agarose gel cultures of chick limb-bud cells, whereas static cornpression had a negligible effect. Our data support thc hypothesis that the mechanical environment contributes to the regulation of chondrocyte differentiation and that its influence may be similar to that which it exerts on the metabolic rate of mature chondrocytes. Ongoing studies include finitc element analysis to correlate aspects of the cell's mechanical environment with the biological response to loading, experimellts to help identify the major chondrogenic component of cyclic compression (e.g., hydrostatic pressure, fluid flow, and cell deformation), and a search for changes in gene expression induced by mechanical loading.
